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FINAL REPORT

An Experimental Study of Electronic States

at Metal-Dielectric Interfaces

A.J. Sievers

Laboratory of Atomic and Solid State Physics
Cornell University
Ithaca, NY 14853

I. SUMMARY

During the past 24 months we have succeeded in developing
two new infrared techniques which are ideally matched for the
spectroscopic investigation of metal dielectric interfaces. The first
technique is surface wave interferometry, which is described in
Reports A, B and D. We show that edges, steps or dielectric
discontinuities on metal surfaces produce two kinds of propagating
waves: surface plasmons which are bound to the surface and bulk
electromagnetic radiation. Since both waves are coherent inter-
ference effects can be readily observed. A two beam interferometer
has been constructed on the metal surface to demonstrate the
interference phenomena and also to provide an interferometric
wavelength measurement of infrared surface waves. The geometry
appears well suited for heterodyne spectroscopic study of surface

states.
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The second technique is broad band surface electromagnetic
wave spectroscopy, which is described in Reports C and E. The

frequency range investigated so far is from 600 to 1800 cm'l. A

sharp absorption line near 1000 cm-l in a molecular overlayer was
used to compare the surface electromagnetic waves (SEW) and
surface reflection spectroscopy techniques (SRS). The integrated
optical density of the absorption line is an order of magnitude
larger with SEW than wiu. SRS, demonstrating conclusively that
SEW is the more sensitive technique. We anticipate that the SEW

broadband technique will be particularly useful for the spectro-

scopic investigation of the first steps of metal oxide growth.

1. TECHNICAL ACCOMPLISHMENTS
(A) New Infrared Techniques

(1) Surface Wave Technique

We describe an interference phenomena which can occur on
coated metal surfaces due to the tendency of a SEW to radiate
two coherent beams when the nature of the surface supporting it
changes. We demonstrate this effect with a two beam interferc-
meter of variable path length in which the SEW's comprise cne
arm and the bulk waves the other. The observed interferograms
and their Fourier transforms are in goed ag;reement with model

predictions.
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Below the surface plasmon cuteff frequency the interface be-

tween the semi-infinite half spaces of metal supports a single
bound TM mode. The SEW propagates along the interface and its
field amplitudes decay exponentially with distance away from the
interface.

There may be several such modes for a metal surface
covered with a thick dielectric overlayer of thickness d. For a
given infrared frequency the real and imaginary parts of the
refractive index of these modes as a function of overlayer
thickness are illustrated in Figure 1. In Figure lb is shown the
real part, which varies monotonically from just above the value
for vacuum to approximately that of the dielectric overlayer
itself while in Figure lc is shown the absorption coefficient of
the jth mode. Also shown in the top of Figure 1 is the mode
range, which characterizes the spatial extent of the intensity
profile of the jth mode above the metal surface. This precipi-
tious change of the range in a region of overlayer thickness,
where the index and the absorption coefficient are small, can
produce a novel interference phenomena unique to inhomogeneous
propagating waves.

To illustrate the interference phenomena, we consider a
metal surface which is partially covered with a thick dielectric
layer as illustrated in Figure 2a. the propagation of radiation
across a step discontinuity in the overlayer thickness can be
viewed in terms of the coupling of the normal modes on one side

to the normal modes on the other.
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Tigure ! Cptical cconstants of SzZW modes for dieleciric coated meta:
surraces. a: the range: b) the effective index of refraction: and c¢) the

absorpticn coefficient of the bound mccde ] are shown as a functien o
cverlaver cthickness d for a fixed 1infrared frequency, w. The herizonta.
arrows in D! indicate the film thickness for which the interference effec-
should be iarge. The numerica. values are for Ge coated Au at 10.6 micren
~avelength.




In particular, consider a SEW on the bare metal, z >
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0, travelling toward the step discontinuity in

the discontinuity is small, raflecticn and refracticn are small.

O

ne might expect the incident SEW to couple predeminantly to the
SEW of the coated region since beth are bound modes; however,
even fcr fairly thin overlavers the range of the SEW above the

coated metal surface is much less than that of the SEW above

the hare metal as shown 1in Figure 3. The boundary conditions
+at z = J) can be sarisfied only if the incident SEW procduces un-
bound bulk radiation in additicn to the transmiited SEW.

This bulk radiation is produced in the form of a packet
traveling in the - 2z directicn and spreading slowlv in the x
direction. The SEW 1travels along the cocated surface with a
phase velocity c/n(D while the phase velccity of the buik wave
packet which travels above the cverlaver is c. At the far edge
of the overlayer, z = 2, the SEW and the bulk wave packet
both centribute to the transmission of a bare metal SEW, nheowever
these twc ceontributions will in general nc loenger be in phase.

The tctal intensity of the resultant SEW launched at z = 2

can be written:

(0) = Ip(e) + 2Tz ) TgTu cos{g(no-l)i] (1)

=

I
B

where ICE.V(R.) and IB( 2) are the component intansities. BSecause
n -1 is smail, large interference pericds will be produced bv

relatively short wavelength radiaticn fe.g. 41 = 3 mm at &

= 10 .,. Tc¢ test these ceonciusiens, evapcerated Ag and Au films
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were deposited on KC1 couplers. Over part of these rectangu-
larly shaped films thin Ge overlayers of a triangular shape were
then deposited, as shown in Figure 2b.

The SEW was launched from a C02 laser beam at one edge
of the metal film by means of the edge coupling technique. At
the corresponding point on the opposite edge of the metal the
SEW produced at z = & coupled into the dielectric and was
detected. The length, 2, of the overlayer region probed by the
beam was continuously varied by rtranslating the film assembly
in the plane of the surface but perpendicular to the beam
direction.

An example of the observed transmission versus % show-
ing interference between a SEW and bulk radiation is presented
in Figure 4. Another thickness film again showing interference
is presented in Figure 5a along with the Fourier transform of
the interferogram in Figure 5b.

The effect that leads to the SEW interferometer, namelyv the
substantial ccupling of the SEW tc bulk radiation at discontinui-
ties can be used to advantage for interface spectroscopy. The
tulk radiation generated does not sample the metal dielectric
interface whereas the SEW does; hence, an electric current at the
interface only influences one beam c¢f this double beam interfero-

meter.

¢2) Brecad Band Surface Wave Spectrcscopy

In previcusly reported werk SEW's excited by coherent
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radiatien frem inrrared lasers have besn propagated across metal
ancd dieleciric coated merals using the prism coupler shown in

igure oa. This two prism coupling scheme first repcried by

Ctio can be wused 1t¢ launch and recover monochromatic SEW's

because the <coupling efficiency 1is largest near the critical
angle, ¢., cefined as
-1, -1,
2= Si..ln'? 12
L
where n is the f{requency dependent index of refracticn of the

prism. Since beth the critical angle and rthe optimal gap
spacing between the prism and the metal are frequencv dependent

then for a givan alignment of the incident beam and the prism,

®
0

ficiem coupling can be achieved cniv for a narrow band of
=z 5 2
f{requencies.

Cur newly developed pelychrematic ccupling geomerrs

-
in

3]
[}

shewn in Figure ¢b. Transverse magnetic radiation (TM) pola

ized in the plane of the Figure ©b is incicdent ¢cn the coupler at

a rfixed angie *_ in the neignborhced of Brewster's angle..
<

It enters the ccupler at the frequency dependent angle

-

the beam 15 internailv refiected oIl the meral film at peint a
and launches SEW's at the edge cf the metal film at point b.

The angle of incidence at the metal 2dze is
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The twe prism evanescent wave coupler technigue feor launch-
:Ng anc reccvering monochromatic SIW's After Otte!.
Figure ©ob. The edge coupler te chnique for launching and recovering
polychromatic SEW's. The dispersive refraction of the incident beanm
partially compensates for the frequency dependence of the counling angle.
'The reflecticn at "a" causes the input and output beams to be parailel.)
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efficiency all contribute to the 1800 cm-l high frequency cutoff.
In Figure 7b the spectrum of the KReOL covered region of the
same gold film is shown. The 40% deep line at 930 cm-1 is due
to the triply degenerate V3 mode of the ReOL molecule.

This is the first time that broadband generation and
spectroscopic detection of infrared surface electromagnetic waves
have been carried out. By replacing the KCl beam splitter and
coupler with KRS-3 the lower frequency limit can be extended

from 700 down to 200 em™h. By traversing shorter metal paths

the high frequency region can be extended above 1800 cm-l.

B. A New Metal-Semiconductor Composite Material

While our high vacuum multisource evaporater was being
assembled, some exploratory infrared studies were made on a new
class of semiconductor-metal two phase systems.

To grow a two phase semiconducter crystal, one starts with
a eutectic mixture of InSb-Ni€b headed above the melting point
and then lowers it at constant velecityv (e.g., 1 cm/hr) through
a steep temperature gradient. Because cof this crystal growing
technique, the alloy is constrained to undergo a transformation
unidirecticnally with constant velocity. A transverse section nor-
mal to the growth axis reveals a pericdic arrangement of NiSb
reds (1 micron in diameter) in an InSb matrix. The periodic
growth is controlled by diffusion. The more uniform the tempera-
ture gradient the mcre perfect the pericdic arrays.

The d.c. electrical properties of the two phase 1nSb-Nifb

15




eutectic are to a large extent contrclled by the parallel aligned
metallic NiSb fibers within the semiconducting InSb matrix.
Qualitatively, the combination of the two materials in this form
results in a medium with highly anisotropic electrical properties.
The electrical cenductivity is large in the direction of the NiSb
fibers and relatively small in the direction orthogonal to the
fibers. Also, due to the NiSb fibers, this eutectic displays
magneto-resistive properties even more dramatic than those of
pure InSb. Although the energy band structure of this material
has not vet been determined, a number of practical devices have
already appeared.

In cur investigation a series of infrared measurements have
been made when temperature, sample crientation and magnetic
field are systematically wvaired (Report F). For the most part
the properties of the eutectic have been found to be similar but
not identical to those of P-type InSb.

One interesting effect which is associated directly with the
Ni€b rods is a shape resonance in the far infrared spectral re-
gicn. Electromagnetic radiation can excite the odd harmecnics of
the lengitudinal surface plasmon modes of these rods which are
abour 1 micron in diameter and 20 microns long. For the parti-

1

cular eutectic studied the lowest mode is at 60 cm ~, the next is

! and the third is at 300 cm™l. A detailed study >f

at 180 em”
these rescnances for both current and ncncurrent carrving con-
figuraticns should enable us to identify spectral features asso-

ciated with non-equilibrium properties.
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Contributed Papers

WHI!. Automatic High-Precision Determination of the Optical
Thickness of Thin Films. L. M. SMITHLINE AND G. J. WOLGA,
Lansing Research Corporation, P. Q. Box 730, Ithaca. NY 14850.—A
new instrument has been designed. constructed. and operated for the
purpose of determining the optical thickness of homogeneous trans-
parent single-optical films on plane substrates. Optical thickness
is measured by determining the wave number of reflected or trans-
mitted light such that the reflection or transmission is an extremum
together with the order of interference. The device is capable of
“locking on™ to an extremum of either sense automatically and in-
terpreting the lock condition in terms of optical thickness. Optical
thickness is determined with a precision of better than 1 A, and the
spectral calibration of the instrument is accurate to better than £2
e¢m~i. The instrument is capabie of performing the control/monitor
function during thin film deposition and can be designed to operate
in the near infrared as well as in the visihle. The instrument’s per-
formance will be illustrated by data obtained from measurements on
MgFa films on glass and sapphire films on silicon. (13 min.)

WH2. New Method for Determining the Optical Parameters
of Fluorescent or Scattering Thin Films. W. LUKOSZ ANDR. E.
KUNZ, Suwiss Federal Institute of Technology, ETH. 8093 Zirich,
Suutzerland. —We have determined the refractive index ng and the
thickness dg of fluorescing thin films by comparing measured and
calculated angular intensity distributions of the s- and p-polarized
fluorescent light originating in the film. For evaporated lavers of
europium-chelate EuBTF we obtained no = 1.37 at A = 612 nm. and,
e.g..dg =30 nm. We found the fluorescence at this wavelength to be
emitted in electric-dipole transitions, the dipole moments being
randomlv oriented. The method is based on our calculation of the
radiation patterns of electric and magnetic dipoles with arhitrary
orientation embedded in the film (o) which is assumed to be sand-
wiched between two dielectric media of refractive indices ny and ng,
respectively. Generalizing results for dipoles close to a single di-
electric interface,! we have solved the electromagnetic boundary value
problem rigorously. The potential and the limitations of the method
will be discussed, also the use of Raman or Rayleigh scattering in the
film instead of its fluorescence. (13 min.)

* W, Lukosz, "Light emission by electric and magnetic dipoles close to a di-
eiectric interface,” J. Opt. Suc. Am. 68, 1406 (1978).

WH3. Surface-Wave Interferometer for the Infrared Region.”
7. SCHLESINGER. A. J. SIEVERS, AND R. WARNER. L.A.S.S.P.. Cornell
University, Ithaca, NY 14853 —We have studied the transmission
of 9.2 to 10.8 um wavelength surface waves across Au and Ag films
which are partially covered by thin Ge overlayers. Although the
overlayer thickness d is much less than the wavelength (d/) < 0.05),
strong periodic oscillations are observed in the transmission as a
function of the overlayer thickness d, the overlaver length [, and the
wavelength A. The oscillations are produced by interference between
a surface wave and a bulk wave both of which are coherently launched
at one edge of the Ge overlaver and then recombined to interfere
constructively or destructively at the other edge. Using this beam-
splitting property of the overlaver edge. a new type of surface-wave
interferometer has been constructed in which [ is varied continuousiy.
From the experimental interferogram the effective index of refraction
and absorption coefficient of the overlayer—metal systems are ob-
tained simultaneously. This technique measures n with about 100
times the precision of previouslv used techniques such as attenuated
total reflection. (13 min.)

* Supported by Air Force Office of Scientific Research Contract No. AFOSR-
78.3684.

WH4. Color Variations of AR Coatings Caused by a Leached
Substrate Layer. K.H. GUENTHER, Thin Film Development Dept.,
Balzers AG, Balzers, Fuerstentum, FL9496 Liechtenstein. —Color
differences of AR-coated prisms were found to be due to a surface
laver with a refractive index of n = 1.46 and a geometrical thickness
of approximately 41 nm on the glass substrate (BaK,. n = 1.5688).
The existence of such a laver is demonstrated by reflection spec-
troscopy measurements which are in reasonabie agreement with nu-
merical calculations of the spectral reflectance of both the uncoated
substrate and the coated one. An AES depth profiling analvsis re-
veals the layer to consist of pure silica {SiOs), the Ba content having
been leached out completely. The reason for the formation of this
leached substrate laver was an improper cleaning treatment of the
uncoated prisms in the optical shop. (13 min.}

WHS3. Microdensitometry Using Backscattered Electrons.* H.
W. DECKMAN AND D. BLACK,® Exxan Research and Engineering
Cumpany, P.O. Box 8, Linden, NJ 07036.—We have demonstrated
that the optical density of film (Kodak HRP) exposed with soft x ravs
can be measured using an electron beam rather than light to inter-
rogate the emulsion laver. For soft-x-ray exposures, developed grains
are located near the surface of the film and the fraction of electrons
backscattered from silver in the emulsion laver is an accurate measure
of optical density. Films have been imaged by collecting the back-
scattered electron fraction in both scanning and transmission electron
microscopes with beam voltages of 25 and 40 kV, respectively.
Changing incident beam voltage affects depth of electron penetration
into the emuision and thus the information content of the backscat-
tered signal. Lateral spatial resolution of this imaging technique is
determined by the intensity distribution of backscattered electrons
emerging at the film surface and is estimated to be better than 0.5 um.
To correlate optical density with the backscattered electron fraction,
a step-wedge exposure was prepared using a bremsstrahlung x-ray
source abtained from a W target operated so that the cutoff in the
spectrum was 3 A. Specular density of the step-wedge exposure was
measured with a Jovee Loebel densitometer and compared with the
traction of electrons backscattered from each region of the wedge.
Results of these experiments indicate that microdensitiometry using
backscattered electrons is a promising technique for examining film
exposed with soft x ravs. (13 min.)

* This work was partially supported by Exxon Research and Engineering
Company, General Electric Company, Northeast Utilities. Empire State Electric
Energy Research Corporation. and New Yurk State Energy Research and De-
velopment Adminstration.

* Eastman Kodak Company.

WHS6. Normal Incidence Soft-X-Ray Reflectors for Arbitrary
Wavelengths Using a Modified Langmuir-Blodgett Method.
ALAN E. ROSENBLUTH AND J. M. FORSYTH. /nstitute of Optics and
Laboratory for Laser Energetics, University of Rochester, Rochester,
NY 14627 —X-ray reflectors operating near normal incidence must
contain a large number of {near) quarter-wave periods due to the weak
interaction of x rays with matter. As a result, the production of such
reflectors using conventional laver deposition techniques presents
a chailenging probiem.! For wavelengths in the 100 A regime, the
stringent tolerances involved can be met using the Langmuir-Blodgett
technique, in which successive portions of a monomolecular fatty-acid
film are transferred from an aqueous to a solid substrate.2 The
technique may be modified in an effort to prod: e mirrors tuned to
reflect arbitrary source wavelengths. One such modification makes
use of mirrors in which different lavers are formed from different
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Infrared surface wave interferometry

Z. Schiesinger and A. J. Sievers
Laboratory of Atomic and Solid State Physics and Materials Science Center, Cornell University, Ithaca, New
York 14853

(Received 21 November 1979; accepted for publication 7 January 1980)

An interference phenomena is described which involves infrared surface electromagnetic waves
on coated metals. The interference is demonstrated with a two-beam surface wave interferometer
of variable path length which utilizes the strong coupling between surface and bulk
electromagnetic waves at coating edges.

PACS numbers: 42.10.Jd, 07.60.Ly

Infrared surface electromagnetic waves (SEW’s) on arm and the bulk waves the other. The observed interfero- :
metal surfaces have an inherent high sensitivity to surface grams and their Fourier transforms are in good agreement
coatings.'-> A variety of infrared (IR) SEW transmission with model predictions. !
studies have been reported in the literature.*~® In this letter Below the surface plasmon cutoff frequency w,/
we describe an interference phenomena which can occur on (1 + €,)"? the interface between the semi-infinite half }
coated metal surfaces owing to the tendency of a SEW to spaces of metal (plasma frequency w, ) and dielectric (dielec- i3
radiate when the nature of the surface supporting it changes. tric constant €, ) supports a single bound TM mode. The '
We demonstrate this effect with a two-beam interferometer dispersion relation for this SEW mode is® :
of variable path length in which the SEW’s comprise one —€./6=¢€,/8, ) i
409 App!. Phys. Lett. 36(6), 15 March 1980 0003-6951/80/060409-04500.50 © 1980 American Institute of Physics 409

A e




=N

N !
s
= |
H ! (a)
s [P s ‘\, ?
z \ \
N N
G-ow
E (b)
< e
X
< 280- g !’\ - )
R |
I
(c)

Absorption Coeflicwent km ')

[] 7 |

1€pa/ A

FIG. [. Optical constants of SEW modes for dielectric coated metal sur-
faces: (a) range 7. (b) effective index of refraction 7, and (c) absorption
coefficient a, of the bound mode ; are shown as a function of overlayer
thickness d for a fixed IR frequency w. The wavelength of a given modeis 4,
= A /n_, where 4 is the free-space wavelength. The horizontal arrows in (b)
indicate the fi'm thickness for which the interference effect should be large.
The numerical values are for Ge-coated Au at a 10.6-u wavelength.

where €, is the complex frequency-dependent dielectric
function of the metal,

8= [k? - (@/cMe, | 2)
and

B= [k} - @/cDes ]2 3)
InEq. (2)and (3), 15” is the component of the complex propa-
gation vector parallel to the interface. w is the SEW frequen-
cy, and c is the speed of light. The SEW propagates along the
interface and its field amplitudes decay exponentially with_
distance away from the interface with decay constants Red
in the metal and Re# in the dielectnic.

There may be several such modes for a metal surface
covered with a dielectric overlayer of thickness d whose dis-
persion relations may be obtained from the eigenvalue
equation'®

tanh(Bd) = — B @7 +8)/(E B + &75), (4)
where 7 = [k — (0*/¢®)]"? and the £ and § are again de-
fined by Eq. (2) and (3). For a given IR frequency and over-
layer thickness d, Eq. (4) has M <1 discrete solutions where
M is the largest integer less than 2(€,)'*d /A and 4 is the
free-space wavelength. Each of these solutions corresponds
to a bound mode of the metal-overlayer-air configuration. A
given mode is characterized by its complex refractive index:

N, = (c/)k. (5)
where 0<j<M. For a given IR frequency the real and imagi-

nary parts of the refractive index of these modes as a function
of overlayer thickness are illustrated in Fig. I. In Fig. 1(b) is

410 Appl. Phys. Left., Vol. 38, No. 6, 15 March 1980

shown the real part n, = Re(\"). which varies monotonical-
ly from just above the value for vacuum to approximately
that of the dielectric overlayer itself, while in Fig. 1(c) is
shown the absorption coefficient of the jth mode.

a, = (4r/4)Im(N,)

which is sharply peaked at (¢,)'°d /2 = {(Zj - I).

Also shown in the top of Fig. 1 is the mode range r,,
which characterizes the spatial extent of the intensity profile
of the jth mode above the metal surface. This quantity. de-
fined in terms of the first moment of the intensity profile, is

o 2 o« 2
0=f Hi®) dx/f 29 4 (6)
o e(x) s €(x)

where the metal occupies the half space x <0 and the vacu-
um x > d and where e(x) is a step function which takes the
values of the dielectric constants in each medium. The in-
verserange r;~ ' can be interpreted physically as a measure of
the boundness of the jth mode. At each mode turn on
[(ep)'*d /A =1,]r, is quite large. as shown in Fig. 1(a), but
it decreases rapidly with increasing 4 to a value on the order
of the overlayer thickness d. This precipitous change of r, in
a region of overlayer thickness where n, — | and q, are
small, can produce a novel interference phenomena unique
to inhomogeneous propagating waves,

To illustrate the interference phenomena. we consider a
metal surface which is partially covered with a thin dielectric
overlayer [(€5)'?d /4 <]}, as illustrated in Fig. 2(a). For a
given IR frequency, both the normal eiectromagnetic modes
of the metal-vacuum region at z < 0 and the metal-overlayer-
air region at />z>0 consist of one bound mode and a contin-
uum of bulk modes. The propagation of radiation across a
step discontinuity in the overlayer thickness can be viewed in
terms of the coupling of the normal modes on one side to the
normal modes on the other.

In particular, consider a SEW on the bare metal, z <0,
traveling toward the step discontinuity in Fig. 2. Since the
discontinuity is small, reflection and refraction are smail.

X

.drelectric
overlayer
! 2320 z zli k
(2)
metcl /' l
, | KCi
/ li
I /Ge 1
(b)

FIG. I.ta) Coordinate system for dielectric layer on a metal surface. (b) Top
view of the surface wave interferometer. Both the metal and the Ge over-
layer are evaporated onto the KCl coupler. The incident surface wave prop-
agates from left to right. To change the Ge cverlayer path length, the entire
assembly is translated towards the top or bottom of the figure. For the thin
overlayer films described in the text both reflection and refraction of waves
at the overlayer boundary can be ignored.
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FIG. 3. (a) Transmission of a Ge-coated silver film vs optical path. The Ge
coating °s & = 0.2 u thick and the laser frequency is 975 cm™". (b) Fourier
transform of the interferogram in (a).

One might expect the incident SEW to couple predominant-
ly to the SEW of the coated region since both are bound
modes; however, Maxwell's equations require that the tan-
gential £ and H fields be continuous across = = 0 at all
heights x above the surface. Even for fairly thin overlayers
{(e,)'*d /A 20.005] the range of the SEW above the coated
metal surface is much less than that of the SEW above the
bare metal. The boundary conditions (at z = 0) can be satis-
fied only if the incident SEW produces unbound bulk radi-
atior in addition to the transmitted SEW. For thicker over-
layers [(€p)"*d /4 > {] the coated-metal SEW is so com-
pressed that the incident bare-metal SEW cannot couple to it
and almost all of the incident intensity is converted to bulk
radiation. For thicknesses such that 0.005<(¢e,)'*d /4 <,
the incident SEW launches both bulk and SEW radiation.
This bulk radiation is produced in the form of a packet trav-
eling in the + z direction and spreading slowly in the x di-
rection.'' The SEW travels along the coated surface with a
phase velocity ¢/n,, while the phase velocity of the bulk wave
packet which travels above the overlayer is c. At the far edge
of the overlayer, z = /, the SEW and bulk wave packet both
contribute to the transmission of a bare-metal SEW, howev-
er, these two contributions will in general no longer be in
phase. The total intensity of the resuitant SEW launched at
= =l can be written

) =15Ew([) + Ia“)
+2 [sgw (NI5(1)])"? cos[(w/c)ng =1 ], N

411 Appl. Phys. Lett., Vol. 36, No. €, 15 March 1980

where fgew (/) and 7,4 (1) are the component intensities.'” A
bulk wave packet is also launched at z = / with an interfer-
ence term complementary to that of thez> / SEW. The first
two terms in Eq. (7) decrease monotonically with increasing
overlayer length /:

Igw()xe = I,()<1/1.

From the third term in Eq. (7), the spatial period of the
interference is

Al =4 /(ng—1). (8)

Because 7, — | is small, large interference periods will be
produced by relatively short-wavelength radiation (e.g.,
Al=3mmatd =10pu).

To test these conclusions, evaporated Ag and Au films
were deposited on KCl couplers.'* Over part of these rectan-
gularly shaped films thin Ge overlayers of a triangular shape
were then deposited, as shown in Fig. 2(b). Both the metal
and Ge film evaporations were carried out at a pressure of
4% 10°® torr. The vacuum was not broken between
evaporations.

The SEW was launched from a CO, laser beam at one
edge of the metal film by means of the edge coupling tech-
nique.'* At the corresponding point on the opposite edge of
tiie metai the SEW produced at z = / coupled into the dielec-
tric and was detected. The length / of the overlayer region
probed by the beam was continuously varied by translating
the film assembly in the plane of the surface but perpendicu-
lar to the beam direction. The transmission was measured as
a function of / for fixed overlayer thicknesses d and CO, laser
frequency w.

An example of the observed transmission vs / showing
interference between aj = 0 SEW and buik radiation is pre-
sented in Fig. 3(a) along with the Fourier transform of the
interferogram in Fig. 3(b). Values of the interference period
4l are obtained either from the separation of the local maxi-
ma of the interferogram [Fig. 3(a)] or from the position of
the peak in its Fourier transform [Fig. 3(b)]. Figure 4 shows

E
S ~o
Bk TSow_ .d:0203u
)

8 | T~ .d=0243,u.\°~ ‘
9 -
2 | \u |
E: ! \Q\
T

o] L L 1

950 1000 1050

Frequency (cm™')

FIG. 4 Spaual period of interference vs laser frequency. The circles and
triangles are the measured values of the interference period 3/ for two dif-
ferent samples. The solid lines are calculated values of 4/ for overlayer
thicknesses 0.203 and 0.243. respectively.
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afitof A/ (w:d ) 1o the observed 4/ for two films at four differ-
ent frequencies using d as an adjustable parameter for each
film. The period 4/ (w:d ) is obtained from Eq. (8) with
n.(w:d ) obtained from Eq. (4) using €, = 16 and a Drude
model'® for €,,. The values of the Ge overlayer thickness
thus obtained agree with measurements of the mechanical
thickness as measured with a diamond stylus.'®

In conclusion, we have described and demonstrated in-
terference between the j = 0 SEW and bulk radiation. Inter-
ference betveen the next few higher-order SEW’s and bulk
waves can occur in a similar manner. The effect that leads to
the SEW interferometer, namely, the substantial coupling of
the inhomogeneous (bound) SEW to homogeneous (un-
bound) radiation can occur whenever the nature of the inter-
face supporting a weakly bound SEW changes.

The authors wish to acknowledge useful conversations
with R. Warner, Y. Chabal, and R.H. Silsbee. This work was
supported by AFOSR under Grant No. AFSOR-76-3684.
Additional support was received from the National Science
Foundation under Grant No. DMR-76-81083 A02 to the
Cornell Materials Science Center. This is Materials Science
Center Report No. 4177.
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self-consistent vector potential which is used in the
photon-electron transition matrix elements. Calcula-
tions sre done for the frequency dependence of the mag-
nitude of the cross section. Typical cross sections are
of the order of 10~27cm® for the frequency of the in-
coming light in the vicinity of one~half the plasma fre-
quency. This is still somevhat smaller than the experi-
mentally observed cross section and it 1s believed that
additional enhancement arises when the metal surface is
rough.

*Supported by USDOE-contract No. AK-01~-02-02-3.

NC 11 Surface Enhanced Raman Scattering: Angle
Resolved Scattering and Substrate Dependence. T.E.
FURTAK, G.R. TROTT, and B.H. LOO, Ames Lab.-USDOE* and
Dept. of Phvsics., Iows State Univ., Ames, IA 50011—The
effects of independent variation of the incident angle,
collecticon angle, and polarization of the incident and
scattered radiation on the intensity of the Raman effect
from cyanide adsorbed on silver are reported. The
dependence of the anomalous enhancement on the nature of
the substrate has also been investigated. Results are
discussed for cyanide on alloys of silver with palladium,
on copper, and on gold. These data are evaluated in
terms of the role of surface plasmons and damping iu the
metal.

*Supported by USDOE-comtract No. AK-01-02-02- .

NC 12

Enhanced Raman Scattering In Multi-laver Film
Structures. D. L. ALLARA, M. RHINEWINE, C. A. MURRAY,
Bell Laboratories. We have studied svrface enhanced
Raman scattering from organic molecules incorporated in-
to structures consisting of two basic geometries:

1. CaFy/Al (oxide covered)/organic scatterer/organic
spacer/Ag; (reference 1)

2. Al (oxide covered)/organic scatterer/organic spacer
/CaF,/Ag

We study the Raman intensity both as a function of
scatterer and spacer thickness, calibrated with IR ab-
sorption and ellipsometry. When no spacers irs present
ve find samples of type 2 give parable enh ts
in cross section (~10%) to those of type 1, indicating
that actusl contact with Ag is unuecessary. Spacer ex-
periments indicate that the enhancement of Raman cross
sections decays slowly for distances of the scatterer
from the silver of up to hundreds of Angstroms.

1 Tsang, Kirtley and Bradiey, Phys. Rev. Letters 43,
772 (1979)

NC 13 _ Comparison of SERS Spectra and Voltammograms
for CN"Adsorbed on Ag and Cu Electroges.” R.E. BENNER,
K.U. VON RABEN, R.K. CHANG, Yale U., and B.L. LAUBE,
United Technologies Research Center-~~Using an optical
muitichannel analyzer, surface enhanced Raman spectra
(SERS) from CN complexes adsorbed on Cu and Ag working
electrodes have been detected at a rate of approximate-
ly one/sec during an oxidation/reduction cycle recorded
by cyclic voltammetry. With 514.5 nm excitation, SERS
from the Ag electrode is intenmse and reveals a dissolu-
tion and diffusion rate dependent sequence of peaks cor-
responding to AgCN, Ag(CN)3, and Ag(CN)3, while that
from Cu is extremely weak with a peak centered near

av = 2100 e~ just discernible sbove s potential depen~
dent broad background. Indicating that dispersion in
the dielectric constant of the vorking electrode is a
kay paraseter, SERS from Cu with 600 am excitation be-

comes comparable in intensity to that from Ag. Consis-
tent wvith the messured voltammograms, & sequence of
peaks from various Cu~CN complexes is observed. Com~
parison of the two sets of results supports a model for
SERS based on electron~nole pair excitationm in conjunc~
tion with the formation of an adsorbed temporary-nega-
tive molecular ion complex.

*Supported by ONR Contract No. NO0Olé=76~C-0643.
tPresent address: Sandia lLaboratories, Livermore, CA.

NC 14 Enhapcement of lnfrared Absorpion from Molecular
Monolayers with Thio Metal Overlavers. A. Harsiein, J._ R. Kirtiey and
J.C. Teang, {BM : T. J. Wauson Research Center— The infrared absorp-

tion due (0 mokecular layers of org acids (4-ni ‘ acid,
benzoic acid, and 4-pyradine-COOH) has been measured using the frus-
trated total i J reflection techai Enhancements of the absorption

have been observed duc to the number of multipic total interoal reflec-
tions, the presence of metal cverisyers (Ag and Au) less than 100 A thick,
and the angle of the incident radiation. A maai'oum cubancement of closs
to 10* over the absorption from a magle o> fSigh a \

has been obtained due to a bination of all of the above effects. This
enbancement does not appear 10 be cither metsl dependent or molecuie
specific.

NC 15 ad-Band Surface Plectromagnetic Wave Pro -
tion on Metal Surfaces.* Z. SCHLESINGER, Y.J. CHABAL',
and A.J. SIEVERS.-~We have studied the propagation of
broad-band surface electramagnetic waves (SEW's) on Ag.
SEW's in the frequency range 500 cm-l to 2500 cm-1 (60
to 300 meV) have been transmitted across a 1.2 cm long
evaporated Ag film., The SEW's were excited by infrared
radiation from an incoherent (Nermst Glower) sourca. An
edge coupler(l), incorporated into a new gecmetry which
pernits the simultaneous excitation of SEW's over a
broad band of frequencies, was used to launch and
recover the surface vaves. The respsctive frequency
dependencias of the coupling angle and tha refractive
angle at which the beam enters and leaves the coupler
zend to capcel in this dispersion campensating gecastry.
A signal to noise ratio of 30 to 1 in a 1 Hz bandwidth
has beean obtainad.

*This work supported by AFOSA.

TPressnt address: Bell Telephone labs, Murray BL{ll, NJ
(1) Y.J. Chabal and A.J. Sievers, Appl. Phys. letters
32, 90 (1978).

NC 16 Infrared study of the W(100):H(lx1) svstem by
Surface Electromagner:c Wave Spectroscopy®, Y.J. CHABAL
and A.J. SIEVERS, Cornell U. --We report the firat high
resolution infrared observation of the V. vibrational
mode of hydrogen chemisorbed om W(100) af saturation cov-
erage. A surface electromagnetic wave (SEW) coupling
configuration has been developed which is UHV compatible.
we find an order of magnitude increase in surface sensi-
tivity over that obtained from reflectiom spectroscopy.
At room temperature the center frequency of the observed
V. band is in good agreement with the fanﬁ:y reported
by electron Enargy Loss Spectroscopy (ELS) but the
SEW line width 1s almost an order of itude saaller
than the resolved line reported by ELS‘“*/ . The apparemt
contradiction is resolved by imvoking atromg coupling be-
twveen the V., mode and the W surface phonons. The high
resolution g“'ﬂ technique maasures the zero surface phonon
vi line but the low resolution ELS technique camnot sep-
arats the zero phouon line from the ons phonon sidebands
snd measures both comtributiocus.

*Supported by the Cornell Materials Science Center
+Present address: Bell Telephone Labs, Murray Hill

(1) A. Adoot and J.D. Carette, Phys. Rev. Lett. 33, 209
7.

SESSION ND: SYMPOSIUM OF THE DIVISION OF ELECTRON AND ATOMIC PHYSICS: CHEMICAL EFFECTS IN ION-ATOM COLLISIONS
Friday sttamoon, 28 March 1980; Sutton Baliroom Canter at 2:00 P.M.; S. Shatfroth, presiding

ND | Stereochemical Structures of Moiecular lons Determined Through “Coulomb Explosion™ Techniques with Fast (MeV)
Molecular-lon Beams.® D.S. GEMMELL, Argonne National Laboratory, Argonne, {llinois. (30 min.)

Bigh-regolution studies of the energy and angle distribucions for fragments arising from tha

Ei T saN———




Basic Optical Properties of Materials
Summaries of Papers

" v A e et

PR .

Presented at the Topical Conference §
on Basic Optical Properties of Materials '
Held at the National Bureau of Standards f
Gaithersburg, Maryland, May 5-7, 1980

Edited by:

_L \ { Albert Feldman
' )

; Center for Materials Science
National Measurement Laboratory
National Bureau of Standards
Washington, D.C. 20234

-~

’ In cooperation with:

’ The Optical Society of America
1816 Jefferson Place, NW
) Washington, DC 20036

U.S. DEPARTMENT OF COMMERCE, Philip M. Klutznick, Secretary
Luther H. Hodges. Jr., Deputy Secretary
Jordan J. Baruch, Assistant Secretary for Productivity, Technology, and Innovation
NATIONAL BUREAU OF STANDARDS, Ernest Ambler, Director

Issued May 1980 |

CETRVR L oL I st Lo ookl




28

. Library of Congress Catalog Card Number: 80-600038 b
¢ National Bureau of Standards Special Publication 574
y Nat. Bur. Stand. (U.S.), Spec. Publ. 574, 252 pages (May 1980)

CODEN: XNBSAV

B U

U.S. GOVERNMENT PRINTING OFFICE
WASHINGTON: 1980

For sale by the Superintendent of Documents, U.S. Governmeant Printing Office, Washington, D.C. 20402
Price $6.50
(Add 25 percent for other than U.S. mailing).

|
(
!
?
|
|




N
o

INTERFEROMETRIC WAVELENGTH MEASUREMENT OF INFRARED SURFACE WAVES

Z. Schlesinger and A. J. Sievers
Laboratory of Atomic and Solid State Physics
Ithaca, N. Y. 14853

We have developed an interferometric technique for accurately measuring
the wavelength of surface electromagnetic waves (SEW's) on coated metal
surfaces. A variable pathlength, two-beam interferometer is employed
in which the beam separation and interference take place entirely on
the coated surface. The SEW's comprise one arm of the interferometer
and bulk waves traveling just above the surface the other. The observ-
ed interferograms are in good agreement with model predictions.

Consider the propagation of a SEW across a partially coated surface

such that the coated region occupies an intermediate section of the SEW
path. The interference phenomenon involves the inhomogeneous nature of
the SEW in an essential way. The field amplitudes of a SEW decay expo-
nentially with distance away from the surface. This distance is very
sensitive to small changes in the SEW wavelength which, in turn, depends
on the state of the surface. For example, at the free space wavelength
Ao = 10 microns, the SEW on a bare gold surface has a wavelength Ag =
9.999 microns and extends 60 microns in the air above the surface,

while the SEW on a gold surface with a 0.05 micron Ge overlayer has a
wavelength As = 9.992 microns and extends only 20 microns above the sur-
face. This discrepancy in the SEW extent makes it impossible for the
bound SEW to maintain its integrity when it traverses a boundary between
coated and uncoated regions of surface. Specifically the electromag-
netic boundary conditions require that the tangential E and H fields be
continuous at the boundary between the coated and uncoated regioms at
all heights above the interface., When the SEW is incident at the first
coating edge this condition can be satisfied only if bulk (unbound) ra-
diation is produced in transmission in additiom to the transmitted
(bound) SEW. At the far edge of the overlayer the SEW and bulk wave
packet both contribute to the transmission of a bare metal SEW; how-
ever, these two contributions will in general no longer be in phase.

The total intensity of the resultant SEW is

I(0) = Igp (8) + I (0) + z,(ISEWu)LBu)cos[-onGi - 1)e] (1 ;

where IS w(z) and I_(g) are the component intensities and g is the

length o% the coated region across which the beam travels. From the

third term in Equatiomn (1), the spatial period of the interference is
X .

o




Because Ay/Ag = 1 is small, large interference periods will be prod-
uced by relatively short wavelength radiation (e.g. 8¢ = 3 mm at A =

10L) .

To test these conclusions, evaporated Ag and Au films were deposited on
KC1 couplers.(l) Over part of these rectangularly shaped f£ilms thin Ge
overlayers of a triangular shape were then deposited. Both the metal
and Ge film evaporations were carried out at a pressure of 4 x 10-6
torr. The SEW was launched from a Co, laser beam at one edge of the
metal film by means of the edge coupling Cechnique.(l) The length, g2,
of the overlayer region probed by the beam was continuously varied by
translating the film assembly in the plane of the surface but perpen-
dicular to the beam direction. The transmission was measured as a
function of ¢ for fixed overlayer thicknesses, d, and CO2 laser wave-
length, Ag.

Ge overlayers ranging in thickness from 0.l14 & d & 0.7u were studied in
this manner in the range 9.20 & Ag € 10.84. In each case the observed
transmission characteristics and interference period were in agreement
with model predictioms.

In conclusion the SEW interferometer provides a unique method for study-
ing thin films on metal surfaces. Not only is the attemuation of the
SEW obtained but also, of equal spectroscopic significance, the wave-
length of the SEW is measured, an undetermined quantity in ordinary
transmission measurements.
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Broadband generation and spectroscopic detection of infrared surface electromagnenc waves
(SEW’s) are reported from 600 to 1800 ¢cm ™). For KReQ4 coated metal sampies 2 sharp absorp-
tion line near 1000 cm™ is used to compare the SEW and surface reflection spectroscopy
(SRS) techniques. The integrated optical density of the absorption line is an ozder of magnitude
larger with SEW spectroscopy than with SRS.

In this letter the first study of the propagation of surface electromagnetic waves
(SEW’s) excited by an incoherent source is reported. An edge coupler (1] incorpo-
rated into a dispersion compensating geometry wiich permits the simultaneous
excitation of SEW's over a broad band of infrared frequencies has been developed
and used 10 launch and recover the SEW’s. A model svstem with an absorption line
at 930 em™! has been studied using both SEW transmission spectroscopy and sur-
face reflection spectroscopy (SRS). The measured optical density is an order of
magnitude Jarger with SEW spectroscopy than with SRS.

Infrared surface electromagnetic waves are bound TM modes that exist at metal
surfaces [2]. Thev propagate along the surface with a phase velocity less than, but
close to, the speed of light and have field amplitudes which are maximal at the sur-
face and decay exponentally with distance away from it. On good conductors,
infrared SEW’s propagate for distances many times their wavelength and can be
used to probe the optical properties of surfaces [5.4]. In previously reported work,
SEW’s excited at a single frequency or several discrete frequencies by coherent
radiation from infrared lasers have been used to study bare metal surfaces [S-S].
metal surfaces with thin overlayers {8—11] and moiecules adsorbed on metal sur-
faces [10—-12]. In the past spectroscopic studies with thermal sources have not
been possible with the SEW transmission technigque because of insufficient energy
throughput.

The standard two prism coupling configuration for launching and recovering
monochromatic SEW’s [5—8,10] is shown in fig. 1a. Monochromatic radiation im-
pinges on the bottom face of the first prism, producing an evanescent wave which
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Fig. 1. Surface Electromagnetic Wave coupling schemes: (a) The two-prism evanescent wave
coupling technique for launching and recovering monochromatic SEW’s: (b) The edge coupling
technique for launching and recovering polychromatic SEW's. The dispersive refraction of the
inciden: beam partially compensates for the {requency dependence of the coupling angie. For
KBr(n~1.50)8; ~42°,89 =56 and o = §°.

excites SEW’s on the metal surface. The coupling efficiency is virtually zero except
at the critical angle, § (?), defined as

8. (M =sin~ {1/n(™] , (1

where & = 1/ and n(?) is the frequency dependent index of refraction of the prism.
Both the critical angle and the optimal gap spacing between the prism and the metal
are frequency dependeni. Thus, for a given alignment of the incident beam and the
prism, coupling can be achieved only in a narrow band of frequencies.

The polychromatic coupling geometry used in our experiments is shown in fig.
1b. Transverse magnetic radiation (TM) polarized in the plane of fig. 1b. is incident
on the coupler at a fixed angle, §, (in the neighborhood of Brewster's angle). It
enters the coupler at the frequency dependent angle,

8,(P) = sin"' [(sin 8o )/n(P)) . Tl

The beam is internally reflected by a metal film at point a and launches SEW’s at
the edge of a second metal film at point b [1]. The angle of incidence at the metal
edge is

8:(7) = ¢+ siu ™ [(sin ,0)/n(P)] . 3)

where ¢ is the angle between the parallelepiped faces. A comparison of egs. (3) and
(1) shows that 8, and 6, now depend similarly on frequency. If this edge coupler is
aligned for optical coupling at a particular frequency, then it will also necessarily be
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aligned for efficient coupling over a broad spectral region centered at that {re-
quency.

To explore the sensitivity of the SEW technique, optically thick Au and Ag
metal films were thermally evaporated onto KBr couplers at 1 X 1077 Torr back-
ground pressure. Next, without breaking the vacuum, a KReO, overlayer was
evaporated over part of each metal film. The polychromatic SEW measurement con-
sisted of focussing a pencil of radiation (solid angle, approximately 4° in the air)
from a Nernst glower source at the edge of the metal film to be studied (point b in
fig. 1b). This beam, which was focussed with elliptical mirrors, excited SEW's which
traversed the surface and reappeared at the far edge of the film as a collimated
beam radiating into the coupler at the critical angle 6 .(9). This beam was directed
into a step-and-integrate Michelson interferometer and then rocussed on an As : Si
photoconductive detector.

The SEW transmission spectrum of a 1.7 cm long gold film covered by approxi-
mately one monolayer of KReQ, is shown in fig. 2a. The 73 mode of the ReO;
molecule [13] produces the absorption line at 930 cm™. Shown for reference in
fig. 2b is the spectrum of the SEW transmission across a region of the same gold
film with no KReO, overlayer. In each case. the instrumental resolution is 24 cm™*.
The spectral range is limited at the low frequency end by the beam splitter used in
the interferometer and at the high frequency end by the increasing SEW attenua-
tion.

The same sample has been studied by surface reflection spectroscopy using a two

Transmission

0 1000 2G00
Frequency (cm™)
Fig. 2. Broadband Surface Electromagnetic Wave transmission spectra: (a) The transmission
spectrum of SEW's traversing a 1.7 c¢m path across the surface of an optically thick gold film
coated with an approximately 1 monolayer thick KReOa overlayer: (b) SEW transmission spec-
trum of an uncoated region of the same 1.7 cm gold film.
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beam spectrometer with a variable angle reflectance accessory. Reflectance spectra
have been taken with the spectrometer beam incident at angles ¢, ranging from 55°
to 70°. The presence of the KReOQ, overlayer produces a 25 ¢cm™ wide line at
932 cm™! which is about 1% deep at & = 60°.

The effect of an overlayer on either the reflectance of or the SEW transmission
across a metal can be calculated as an electromagnetic boundary value problem
[4.14]. The overlayer is represented as a continuous medium of thicknessd,
separating infinite half spaces of metal and air. The properties of the overlayer are
subsumed in a complex frequency dependent dielectric coefficient, €p.

To first order, the effect of a thin overlayer on the metallic reflectivity of 2 T™M
polarized beam can be expressed as [14]

— &\ (1 — (EpEm) ™ (Bp ™ &) sin®o 7
I e 1 )
1 -€y I — &5 (1l +€y)sin“0 ]
where (AR/R) = [R(0) — R(d)]/R(Q) is the fracticnal change in reflectivity with
R(d) and R(Q) the respective reflectance spectra of the surface with and without
the overlaver and &g, = the frequency dependent dielectric function of the metal.
In the infrared, {&p/€m| < 1. and at least up to ¢ =85°, cos*¢ < |€y ™" . hence eq.
(4) simplifies to [15]

= 8ndd(cos ©) Im (

()

= 8
R cos @

SEW transmission spectra can be calculated using the same model [4]. The full
linear approximation theory cannot be used because even very thin overlavers can
produce deep (250%) absorption lines. In the infrared to linear order in od one
finds that

oo ol o3 e

where T(d) and T(0) are the respective SEW transmission spectra with and without
the overlayer and [ is the length of the SEW path. When ¥, is represented by a
Drude model. then in the relaxation limit eq. (6) reduces to

T(d) LAV
In (T(O)) Sr a'( )1m(_——) )
where D, is the plasma frequency of the metal. We have verified that eq. (7) pro-
vides a reasonable approximation to the numerical results obtained from the exact
equations for KReOg4 on Au in the 1000 cm™* region.

From eq. (7) the size of the effect produced by the overlayer increases with the
SEW path length, /. however the power transmitted across the surface at each fre-
quency has an exponential dependence on /. The signal-to-noise in the spectrum is
maximized when [ is equal to the SEW propagation length. L, which is defined as
the distance over which the intensity of a propagating SEW is attenuated by a fac-

o]
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tor of e™*. For our evaporated gold films. L is in the neighborhood of 2 ecm at 1000
em™l

The optical density of the KReO, overlaver as probed by the SEW’s is
Dgpw =D(d) - D(0) = 0.43 In[T(0)/T(@)] , )

where D(d) is the optical density of the metal plus overlayer and D(0) is the optical
density of the bare metal. For the reflectivity measurement, the optical density of
the overlayer is

Dgrs = 043 In[R(OYR()] =0.43(AR/R) . 9

The two techniques can be compared by integrating the measured optical den-
sity over the absorption line giving fD. For the SEW absorption line shown in fig.

2a,
stsw =69 cm™ (measured) .

The integrated optical density of the line in the TM reflectance spectrum of the
same film is

=1.3X 107 em™ (measured) .

[Dsks .
¥ ©=60

By means of eq. (5), we can extrapolate this observed reflectivity result to the most
sensitive experimentally feasible angle [16], ¢ = 80—85°,s0

=7.0X 107" em™ (extrapolated) .

fDSRS )
©=83°

Hence the experimental ratio of the integrated optical densities of the absorption
line in the SEW spectrum to that for a single bounce SRS measurement is 2210. This
resuit should be compared with the ratio of the calculated integrated optical den.
sities (egs. (7) and (5)) which is

(DSE\V Ty §25
J _ wl/Ty (10)

fDSRS Tsinfolcos 0

For the parameters appropriate to the KReO; : Au system, namely, I=1.7 cm,
Do =10 cm™ and 7, = 72700 cm™" then i

stgw
fDSRs

which is in reasonable agreement with the experimental ratio obtained above.

=9.1 (calculated) .
0=83°
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With the dispersion compensated broadband SEW coupler we have demonstrated
that an incoherent source can be used to excite SEW's over a broad band of IR fre-
quencies. As long as the sample length is adjusted to be approximately equal to the
SEW propagation length in the infrared region of interest, then SEW spectroscopy
enhances the integrated optical density of an absorption feature by at least an order
or magnitude over SRS. With a KRS-5 coupler it should be possible 1o use the
broad band SEW spectrescopic technique described here down to a frequency of
250 em™.

The authors wish to acknowledge valuable conversations with Y.J. Chabal, WE.
Moerner. und F .E. Pinkerton. This work was supported by AFOSR under Grant No.
AFCSR-76-3684 and by the National Science Foundation through Grant No. DMR-
T6-21085A02 10 the Cornell Materials Science Center. MSC Report No. 4271.
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INTRABAND MAGNETO-OPTICAL STUDIES OF InSb—NiSb EUTECTIC
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We present a magneto-optical study of the light hole valence bard of InSb—NiSb eutectic. Far infrared transmis-
sion spectra are measured as a function of sample orientation. temperature (4.2 —86 Ki. and magnetic field (0 -80 kG).
Acceptor energy levels and Luttinger coefficients are derived from the data.

1. Introduction

InSb—NiSb eutectic is a two phase material con-
sisting of paralle! aligned NiSb fibers within a semicon-
ducting InSb matrix. Qualitatively. the combination
of the two materials in this form resuits in 2 medium
with highly anisotropic electrical properties [1]. The
electrical conductivity is large in the direction of the
metallic NiSb tibers and relatively small in the ortho-
zonal direction. Also. due to the NiSb fibers. this
eutectic displays magneto-resistive properties even
more dramatic than those of pure InSb. At room tem-
perature. a factor of 20 increase in resistance at 10kG
has been observed in InSb—NiSb [21. These electrical
properties have already resulted in a number of prac-
tical devices [1-3). )

In this paper, we report on our magneto-optical
determination of some of the InSb—NiSb energy band
parameters, We present far infrared spectra of InSb--
NiSb eutectic where the sampie temperature is varied
from 4.2—86 K and the magnetic field is varied from
zero to 80 kG. The source of the eutectic spectra
appears to be the InSb matrix modified by the NiSb
fibers.

* Present address Bell Laboratories, Murray Hill. NJ 07674,
USA.
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2. Experimental
2.1. Sample

The two phase InSb—NiSb eutectic is prepared by
uniaxial solidification of the alloy consisting of 1.8
wt% NiSb [1]. The NiSb phase appears as single crys-
tal rods with their long axis aligned paraliel to the
direction of solidification. These rods are spaced uni-
formly but randomly in the plane orthogonal to the
growth direction (transverse plane). The rod dimen-
sions and average separation are determined by the
growth conditions. In the present samples. the NiSb
fibers are 1 pm in diameter. 50 1o 100 um in length.
and spaced approximately 3 um apart in the trans-
verse plane [4]. The InSb—NiSb samples are § mm
diameter discs approximately 300 um thick.

2.2. Magnero-optical results
gt 14

The application of a magnetic field to the InSb--
NiSb eutectic produces resonances that are both field
and tempe:aiure dependent. Due to the number of
transitions and the change in background transmission
with magnetic field. the resonances are most easily stu-
died by rationing the transmission at a field / to the
zero field transmission. Fig. 1 shows some of this data
at 4.2 K. The applied magnetic fields are indicated on
the figure. The InSb—NiSb sample is orented in the
Faraday geometry with the long axis of the NiSb fibers
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Fig. 1. Transmission of inSb— NiSb sample at the magnetic
ticlds indicated relative to the zero field transmission. The
three field dependent resonances are labeled ;. 5, and e.

parallel to 4. The dashed lines are drawn to emphasize
the field dependent resonances (84, 5, and €). These
resonances are shown below to be independent of the
orientation of the fibers with respect to A. The feature
at 60 cm~! is an anisotropic absorption line assumed
to be a result of the NiSb fibers. Samples with the
NiSb fibers orthogonal to the field direction do not
show this.

Fig. 2 shows more clearly the field dependence of
the center frequencies of resonances 1. 6. and € at
4.2 K. Data from eutectic samples with the NiSb fibers
oriented parallel or orthogonal to H differed slightly:
fig. 2 shows tvpical data from a sample with the NiSb
fibers parallet to A. In the spectral region above 170
em™! 5 and § deviate from a linear field dependence.
5 is pinned at the InSb LO phonon frequency of
190 em~!: the branch above 190 cm™ is labeled &,
and the pinned branch is labeled §;. The effective
masses along with the zero frequency intercepts of n,
5. and € are listed in table 1.

As the sampie temperature is raised, the absorption

2404 .

FREQUENCY {cm

Te42 K
' fiber direction

X

Sample thickness » 0.3 mm
a0k -

o} 20 40 60 8o
MAGNETIC FIELD (kG)

Fig. 2. Field dependence of transitions n. 6, and e at 4.2 K.
The data are obtained from a sample with the NiSb fibers
parallel to the field.

strength of 1, §, and e weaken and two new transitions
(a and ) appear. At 86 K. only a and 3 are apparent
in the transmission spectrum. Fig. 3 shows the field
dependence of a and 8. The data points are marked
with (X) or (2) depending on whether the NiSb fibers
are oriented orthogonal or parallel to A. The solid
curves in fig. 3 are drawn through the combined set of
data points and represent the field region over which

Table 1

Transition parameters

Transition Maff/Melectron «tH =0 kG)
(cm—hH

a 0.0175 0

[} 0.0655 26

7 0.0137 7

5 0.0206 79

€ 0.0578 73

I
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Fig. 3. Field dependence of transitions « and 2 at 86 K. The (X) and (=) points are data {rom samples with the NiSb fibers onented

orthogonai or parallel respectively to the fieid.

data were obtained. The dashed lines extrapolate the
data to lower fields to indicate the zero field intercepts.
The solid curve for a is extended beyond 20 kG to
emphasize the deviation of the data from linearity.
Table 1 lists the effective mass and zero field intercept
of @ and 8.

3. Interpretation of results

The transitions observed in the transmission spec-
trum of InSb—~NiSb are indicated by the arrows on the
energy level diagram of fig. 4. For the most part, the
energy scheme is similar but not identical to that of
p-type InSb: the analysis used for InSb is applied to
InSb—NiSb eutectic. Details of this analysis is found
in ref. [3] and will be given in a following publication.

Three different types of energy levels are shown in
fig. 4. Ap and A, are the s-like ground and p-like first
excited acceptor states respectively. The energy separ-
ation from the valence band of Ay and A, may be ob-
tained from the zero field intercepts of the transitions.
Following the notation of refs. [6] and {7], Ey(a, b)
are the Landau levels of the light hole valence band.
.Vis the orbital quantum number while (a) and (b)
refer to the spin state. Assuming a spherically symme-
tric valence band. Ex(a. b) are a function of the three
Luttinger coefficients [8] v+, and F1, and k" This
assumption shouid be valid for InSb—NiSb since the
data is sample orientation independent. The Luttinger

coefficients are determined by the effective masses of
the resonances. Finally, (MM \)a. b are the impunty
states associated with Exy(a. b). The notation of ref.
[9] is used. M is the component of the angular mo-
mentum along H. A is the number of modes in the im-
purity wave function along 4. The vaiues of (VMM\)a.b
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Fig. 4. Energy level diagram for InSb—NiSb showiny the ob-
served transitions.
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caicuiated for InSb are used to analvze the evtectic
data [9].

As shown in fig. 4. a is a light hole cyclotron reso-
nance. The deviation from a linear field dependence is
probabiy due to tree hole~phonon interaction in anal-
ogy to the coupling of the electron cyclotron reso-
nance with the LO phonon [10]. Nonparabolicity is
not considered to be the cause of the nonlinear field
dependence of a since the light hole valence band of
the eutectic has been determined to be highly para-
bolic front a high (300 kG) magnetic field study {3].
Free hole—phonon interaction has not been observed
in p-ty pe InSb. n. §. and e all injtiate from the ground
aceeptor state Ay: the final states zre assumed to be
the p-like impurity levels (100)a. (000)b. and (00C)a
respectively. The nonlinearity in the field dependence
of 7:md 8 is due to bound hole—~phonon interaction
{11]. 3 is a transition trom the first excited acceptor
level A, to the s-like impurity level (010)a. The differ-
ence in the etfective masses of 3 and ¢ is attributed 1o
the field dependence of Ag in similarity to the central
cell shift of the donor ground state in InSb [12].

Analysis of the InSb—NiSb data in table | gives the
tollowing results. The Luttinger coefficients for the
vaience band are Y5 = 30.9. ¥4 = 153 andxt = 129,
Ag and A, are 83 cm™! and 26 am™! respectively
from the zero field valence band edge. These values are
similar to those of p-type InSb.
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ORIGINS OF VERY SHALLOW PHOTOCONDUCTION IN Ge:Sb*
E.A. Schiff"

Laboratory of Atomic and Solid State Physics and Materials Science Center, Comell University, Ithaca, NY 14853,
US.A.

(Received 20 March 1980 by J. Tauc)

Three new effects in the very shallow photoconduction spectrum (hw <
5meV, T~ 0.4 K) of Ge:Sb have been observed: the spectrum is found to
depend strongly on electric-field, background excitation spectrum, and on
the spectrometer chopping frequency. These effects are interpreted as evi-
dence that the spectra are the consequence of two distinct trapping centers
whose spectra overlap; they thus do not support the interpretation of this
photoconduction as due entirely to a D™ band.

AT VERY LOW TEMPERATURES (T < 1.2K) lightly
doped, uncompensated Ge : Sb exhibits photoconduction
at optical energies substantially less than the threshold
energy for ionization of a neutral, isolated Sb donor (10
meV) [1, 2]. Analogous very shallow photoconduction is
also observed for other dopants in both Ge and Si |3, 4].
This photoconduction is due to the photodetachment of
electrons from very shallowly bound traps which are
populated by exposure of the sample to weak extrinsic
background radiation. The impurity center binding this
electron has previously been identified as the D~ center
formed by the capture of a photocarrier by a neutral
donor and in analogy with the atomic H™ ion.

One of the most perplexing aspects of the spectra
observed in this manner has been their variability. The
observed spectrum is markedly dependent in both
shape and magnitude on temperature, the dopant and
its doping level, uniaxial stress. and magnetic field. Of
these spectral changes the most central to understanding
the origins of very shallow photoconduction is the tem-
perature dependence of the spectrum; several authors

~[2.3, 5] have reported that the spectrum'’s threshold
shifts to higher energy as the temperature is increased.
These shifts have been attributed either to the forma-
tion of impurity bands from a single type of defect
(cf. the D7) {2, 3] or to the presence in the spectrum
of components originating from additional shallow
levels (D™-D*, D3, etc.) [5].

Here [ shall report several new experiments on very
shallow photoconduction in Ge : Sb which show spectral
shifts closely related to the shifts seen when the

* Research supported by AFOSR (78-3684), USDOE
(EY-76-S-01-3151). and by the Comell Materials
Science Center (NSF DMR76-81083).

T Present address: James Franck Insitute, University of
Chicago. Chicago, Mlinois 60637.

specimen temperature is varied. The most important of
these results is the observation that the bias electric-field
used to measure the photoconductivity spectrum modi-
fies the spectral shape. A simple method for decompos-
ing the spectrum into two different but field-independent
spectra has been found. The changes in the spectral
shape seen with electric field, temperature, spectrometer
chopping frequency and background excitation spec-
trum can be accounted for by changing the weighting,
but not the shape, of these two components of the
observed spectrum. These new observations thus strongly
support the existence of two distinct types of shallow
center in Ge:Sb.

The photoconduction spectra reported here were
measured using iamellar and Michelson Fourier trans-
form spectrometers. The specimen temperature ranged
from 0.4 to 4.2 K. Eight specimens of Ge : Sb were
examined; only two of these specimens exhibited
measurable shallow trap photoconduction. The failure
of most specimens to exhibit very shallow photoconduc-
tion is usually attributed to fairly high compensation
ratios (N4 /Np > 0.05) [1], although the importance of
low compensation is not quantitatively understood. All
of the spectra reported here are from the purest speci-
men (Np =33 x10%em™, N, =4.4 x10%cm™3). The
effects reported here were also observed in another
Ge :Sb specimen and in a Ge : Ga specimen.

All of the photoconduction spectra were taken in
the presence of significant cold-filtered room-
temperature background radiation. This radiation gener-
ates a background photoconductivity by ionizing neutral
Sb donors; the background photoconductivity was
always much larger than the specimen’s dark conduc-
tivity. Both the phase and magnitude of the shallow trap
photoconduction were recorded as a function of the
spectrometer chopping frequency; these measurements
are equivalent to time-domain measurements of the

spectrum, albeit on the time scale of tens of milliseconds.
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8a(¥)/oP(¥) (orbitrary units)

Fig. 1. Ratio of the relative photoconduction spectrum
50(v)/o to spectrometer power spectrum P(P) for four
bias electric fields. o: background photoconduction.
049K, KI composte cold filter (7 < 100cm™).
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Fig. 2 Shallow trap photoconduction §¢ at 15 and 30
cm™ as a function of the sample’s electric field depen-
dent background photoconductivity o. 50 at each wave-
number has been normalized by the intensity by the
intensity of the spectrometer radlanon determined by a
0.4K bolometer. < 100ecm™; T = 0.43K.

The shallow photoconduction spectra observed at
four electric field levels are plotted in Fig. 1;an increase
in the field clearly enhances the strength of the spec-
trum in the low-frequency threshold region relative to
the tail of the spectrum. The absolute normalization of
these spectra is important: the intensity of the photo-
conduction spectrum, § (¥, E') has been divided by the
field-dependent background photoconduction o(E) (v is
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the optical frequency in wavenumber ( em™!) units; £ is
the electric field). In addition the spectra are ratioed to
the power spectrum of the spectrometer. The origin of
the electric-field dependence of o(£) itself is a matter of
mild controversy. and in fact no universal explanation,
valid for any specimen, can be offered. However,
additional experiments on the neutral donor photocon-
duction spectrum (¥ > 70cm™) and its field depen-
dence for tt - ipecimen are consistent with the picture
that the dependence 6(£') is due to the apparent field-
ionization [7] of excited states of the neutral Sb donor.
The field-ionization of these states contributes both to
an increase in the carrier generation rate (via field
assisted ionization of donors photoexcited by the back-
ground radiation) and to an increase in the recombi-
nation lifetime (as a consequence of “cascade recombi-
nation ™, in which carriers recombine by falling through
these same excited states). The optical cold filter for
these data was chosen to emphasize the change in the
generation rate, which accounts for nearly 50% of the
observed variation of o(E); other choices of optical cold
filters do influence the observed spectra.

If the variation o(E) were entirely due to changes in
the generation rate, a simple proportionality between
80(7, E) and o(£) would be expected, according to the
argument that the density of carriers in shallow levels is
proportional to the density of carriers in the conduction
band. This hypothesis has been tested in Fig. 2. The
expected linear relationship is obtained, but the 15 cm
line has a substantial negative intercept. This negative
intercept is the origin of the field-dependence of the
spectra.

The 0 vs o relations obtained thus suggest the
following model for very shallow photoconduction.
The spectra consist of one component which scales
with the background photoconduction, and an additional
negative component which is field-independent:

§o(¥, E) = o(¥)o(E) + B(7).

The spectra obtained from this decomposition in the
zero-field limit are presented in Fig. 3. The *“photo-
carrier” spectrum is a(¥), and the “impurity conduc-
tion” spectrum is S(P). These labels refer to an hypothe-
sis for the photoconductive mechanisms underlying
these components, and in particular the negative compo-
nent is speculatively attributed to a reduction in the
impurity conduction of trapped carriers.

The validity of this decomposition, which originates
with the electric-field dependence of the spectrum, is
strongly supported by its success in describing the
dynamics of the shallow photoconduction. In particular,
the rather long trap lifetimes obtainable at very low tem-
peratures give rise to a photoconduction signal in
quadrature with the chopped spectrometer illumination.
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Fig. 3. Decomposition of the zero-field photoconduction
spectrum into two components; experimental conditions
are those of Fig. 2.

This quadrature spectrum is given quite precisely by the
“photocarrier’”” component of Fig. 3 alone; the quad-
rature spectrum does not show the electric-field depen-
dence of the spectrum measured in phase with the spec-
trometer illumination.

I associate the two components of the photocon-
duction spectrum with two distinct shallow centers,
differing greatly in photoconduction mechanism and
characteristic lifetimes, but with remarkably similar
spectra and magnitudes of photoconductive response.
Rate equation models for two centers which predict the
two components’ dependences on electric-field, chop-
ping frequency, and the background excitation spec-
trum have been obtained and will be presented else-
where. These models do not account for the similarity
of the two centers’ spectra or, as yet, for the compar-
able magnitudes of their respective photoconductivities.
The convincing identification of these centers, and of
their relationship to the ¢, activation energy [8] of
importance in the Mott description of the metal-insulator
transition, are important avenues for further research.
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